The levels of oxidized serum lipoproteins are increased in humans and animals with diabetes. We have examined the contribution of dietary oxidized lipids on the levels of oxidized lipoproteins. In both control and streptozocin induced diabetic rats, the oxidized lipid content of mesenteric lymph chylomicrons (CM) increased when increasing quantities of oxidized lipids were administered intragastrically. However, at all levels of administered oxidized lipids, the quantity of oxidized lipids in CM was greater in the diabetic animals. These results indicate that oxidized lipids are absorbed and packaged into CM and suggest that there is increased absorption of oxidized lipids in diabetic animals. In nondiabetic rats fed a fat-free diet, the levels of oxidized lipids in their serum lipoproteins were very low. When oxidized lipids were added to the diet, the quantity of peroxides in serum lipoproteins increased about fivefold. In diabetic animals fed a fat-free diet, there were also very low levels of oxidized lipids in their serum lipoproteins, and there was no difference between control and diabetic rats. However, when diabetic animals were fed a diet containing oxidized lipids, the quantity of oxidized lipids in their serum lipoproteins increased 16-fold and were significantly greater than in controls. Thus, in both control and diabetic rats the quantity of oxidized lipids in the diet largely determines the levels of oxidized lipids in circulating lipoproteins. However, in diabetic animals the effect of diet is more pronounced. Together with the CM studies, these results demonstrate that dietary oxidized lipids make a major contribution to the levels of oxidized lipids in circulating lipoproteins and indicate that increased absorption of oxidized lipids in diabetic animals may play a role in the elevation of oxidized lipoproteins observed in this disorder. (J.
Introduction
Atherosclerosis is a major cause ofthe morbidity and mortality associated with diabetes. The Framingham and other studies have shown that the incidence of cardiovascular disease is significantly increased in diabetes even when adjusted for the other known risk factors for atherosclerosis ( 1, 2) . This indicates that diabetic patients have an increased risk of vascular disease that is not simply the result of an increased prevalence of risk factors, but rather that diabetes is an independent risk factor for vascular disease. The mechanism by which diabetes increases the risk of atherosclerosis remains speculative despite intensive investigative efforts.
Recent studies have shown that the oxidation of lipoproteins may play a key role in atherogenesis (3) (4) (5) . Lipid peroxidation converts lipoproteins to a more atherogenic form (3) (4) (5) . Oxidized LDL and other lipoproteins, including oxidized f-VLDL (6) , are taken up more rapidly by macrophages, leading to foam cell formation. In addition, these oxidized lipoproteins cause increased cytotoxicity to endothelial cells in culture, which could result in endothelial injury (7) . Moreover, oxidized LDL has been shown to stimulate the release of chemotactic proteins, cytokines, and growth factors from endothelial and other cells (3) (4) (5) (8) (9) (10) , resulting in migration of monocytes, maturation of monocyte/macrophages, foam cell formation, and proliferation of smooth muscle cells.
Several studies have demonstrated that the lipoproteins isolated from both humans (1 1, 12) and experimental animals with diabetes (13) (14) (15) are oxidized to a greater extent than lipoproteins from controls. In rats, oxidized lipoproteins were found in VLDL + LDL fraction ( 15 ) . Thus, diabetes is associated with the increased presence of oxidized serum lipoproteins, and these lipoproteins have the potential for causing tissue damage and lipid accumulation in the arterial wall. The mechanism by which diabetes results in increased levels oflipid peroxides in serum lipoproteins is unknown. Leading hypotheses that could account for the increased oxidation of lipoproteins include (a) diabetes stimulates peroxide-producing systems such as lipoxygenase ( 16) , (b) in diabetes there is a decrease in the antioxidant content of certain tissues, resulting in a decreased protection against oxidation (17) (18) (19) , (c) secondary to diabetes there is an increase in tissue damage, resulting in increased oxidation (20, 21 ) , and (d) in diabetes modification of lipoproteins by glucose enhances the oxidation of lipoproteins (22) . Another glycosuria at all times were eliminated from the study. Control animals were injected with 1 M sodium citrate and were maintained under similar conditions. Animals were studied 14 d after streptozocin treatment and were fasted for 6 h before all experiments. All animal studies were performed in accordance with institutional policies, and all procedures were approved by the Subcommittee on Animal Studies.
Diets. Control and diabetic rats were maintained on regular rat chow supplied by Simonsen Laboratories, Gilroy, CA. Alternatively, 10 d after streptozocin injection, diabetic rats and their controls were fed for 4-5 d either a lipid-free diet consisting of 65% sucrose, 20% casein, 4% salt, 1 1% alpha cell mix and vitamins or the same diet to which either natural corn oil (low peroxide; 4.7 nmol peroxide/mg oil) or vitamin E-depleted corn oil (high peroxide; 82.5 nmol peroxide/mg oil) was added.
Isolation of serum lipoprotein fractions. Previously it has been shown that in diabetic rat serum, lipid peroxides are in VLDL and LDL, but not in the HDL fractions ( 15 ) . Since rats contain very low amounts ofLDL, all serum lipoprotein oxidation measurements in our studies were done on combined fractions containing VLDL + LDL. For each measurement, lipoproteins were obtained from 9 ml serum (pooled from two rats) after adjusting the density to 1.063 with KBr and centrifuging at 5 X 106 g for 18 h at 14'C. The lipid layer was removed, dialyzed against 0.15 M NaCl containing 0.5 mM EDTA and 0.5 gM butylatedhydrohytoluene (BHT),' and analyzed for oxidation immediately. When serum samples were examined for chylomicrons by centrifuging for 20 min at 5 X 196 g min before KBr addition, no significant amounts of chylomicrons were isolated.
Chylomicron preparation. Chylomicrons were isolated from rat mesenteric lymph using the procedure described previously (26 (28) indicated that more than 95% of the linoleic acid was oxidized. For partial purification, the oxidized linoleic acid was subjected to thin layer chromatography, reisolated, and then used immediately in the intubation mixture (28 < 0.05). Thus, using two different methods for estimating lipoprotein oxidation the lipoproteins isolated from diabetic rats were more oxidized than lipoproteins isolated from control rats.
Effect ofdietary oxidized lipids on the peroxide content of serum lipoproteins. To determine the contribution of oxidized lipids in the diet to the content of oxidized lipids in serum lipoproteins, control and diabetic rats were fed diets containing different quantities of oxidized lipid. Since the oxidized lipid content of commercially available standard rat chow is not controlled, we used synthetic diets prepared in our laboratory. Fig. 2 shows serum peroxide concentrations in control rats. When rats were fed a lipid-free diet (sucrose diet), the levels of peroxides in serum lipoproteins were low (1.00±0.09 nmol/ mg cholesterol). Similarly, when control rats were fed a diet containing 5% corn oil containing low peroxides (4.7 nmol peroxide/g oil), the quantity of peroxides in the serum lipoproteins were also low (0.87±0.11 nmol/mg cholesterol). However, when the lipid-containing diet had high quantities of peroxide (5% oil, 82.5 nmol peroxide/g oil), the quantity of peroxides in the lipoproteins increased almost fivefold ( 1.00±0.09 nmol/mg cholesterol vs. 5.34±0.50 nmol/mg cholesterol; P < 0.001 ). Measurements ofTBARS confirmed these results. TBARS increased twofold when oxidized lipid-containing diet was fed to the animals instead ofa lipid-free sucrose diet. Thus, in control animals the quantity of oxidized lipids in the diet influences the concentration of peroxides in the serum lipoproteins.
In diabetic animals ( Fig. 3 ) fed a lipid-free diet (sucrose diet), which of course contained no oxidized lipid, there were also very low levels ofperoxides in the lipoproteins. In fact, the concentration of peroxides in the lipoproteins of diabetic animals fed the lipid-free diet was not different from the serum peroxide concentration observed in controls (Fig. 2) . Thus, the increase in the quantity ofoxidized lipids in serum lipoproteins of chow-fed diabetic animals ( Fig. 1 ) nmol/mg oil) was diet added, and (c) sucrose diet to which 5% oil containing high lipid peroxides (82.5 nmol/g oil) was added. All data are represented as means±SE, and there were five serum samples in each group. Each sample was derived from serum pooled from two rats. P < 0.005 when a diabetic group fed a fat-free diet was compared with the diabetic group fed an oxidized fat diet; P < 0.05 when control group fed an oxidized diet (Fig. 2) was compared with the diabetic group fed the same diet.
lipoproteins increased only by fivefold. Moreover, the quantity of lipid peroxides in the serum ofdiabetic animals was twofold higher than in controls fed the same diet (P < 0.05). Similarly, TBARS increased threefold when rats were fed oxidized-lipidcontaining diet instead of a sucrose diet.
In diabetic rats, the serum peroxide content was low when fed a fat-free sucrose diet and slightly increased when oil containing small amounts of peroxides was added to the sucrose diet (Fig. 3) . However, this increase (2.1±0.6 nmol peroxide/ mg cholesterol) did not achieve statistical significance. Additionally, the increase was much less than that observed with a diet containing high quantities of peroxides in the oil (11.08±2.01 nmol peroxide/mg cholesterol). Since the lipid content in the diet was similar, these results indicate that the increased peroxides in serum lipoproteins of diabetics result from the ingested oxidized lipids and not from the total quantity of lipid in the diet.
Additionally, it can be seen that while both control and diabetic animals demonstrate an increase in the concentration of peroxides in lipoproteins in response to dietary oxidized lipids, the extent ofthe increase is significantly greater in diabetic animals, suggesting that they are more susceptible to dietary oxidized lipids. Fig. 4 shows a dose-response curve of the effect of adding increasing quantities of oxidized lipids to the diet on the concentration of peroxides in circulating lipoproteins. There is a Peroxides in serum VLDL + LDL Figure 4 . Dose response rats in each group. P < 0.005 when control group fed a medium peroxide oil diet was compared with the diabetic group fed the same diet; P < 0.001 when control group fed a high peroxide diet was compared with the diabetic group fed the same diet; P < 0.01 when control group fed high peroxide diet was compared with the control group fed low peroxide diet; P < 0.005 when diabetic group fed a high peroxide diet was compared with the diabetic group fed the low peroxide diet. 
Discussion
Several studies have shown that the quantity of oxidized lipids in serum lipoproteins is increased in diabetic patients (1 1, 12) and in animals with experimentally induced diabetes (13) (14) (15) .
Numerous in vitro and in vivo studies suggest that oxidized lipoproteins play an important role in atherogenesis (3) (4) (5) . Oxidized lipoproteins lead to an increase in lipid uptake and deposition in macrophages, resulting in foam cell formation (3) (4) (5) . Additionally, oxidized lipoproteins are cytotoxic to endothelial cells in culture (7) . Furthermore, oxidized lipoproteins stimulate the release of cytokines and growth factors that could potentiate the atherogenic process (3) (4) (5) (8) (9) (10) ). An increase in oxidized lipoproteins could therefore contribute through sev- eral mechanisms to the increased risk of atherosclerosis that is associated with diabetes. The origin of the increase in oxidized lipoproteins in diabetes is unknown. In the present study we have examined the effect of oxidized lipids in the diet on the levels of serum oxidized lipoproteins and the possibility that an increased absorption of lipid peroxides in the diabetic is responsible for the elevated levels of lipid peroxides in the serum of diabetics.
In control animals, the quantity ofoxidized lipid in the diet directly correlated with the concentration of oxidized lipid in the serum lipoproteins (r = 0.953, P < 0.001). Animals that were fed a diet containing no oxidized lipid had very little oxidized lipid in serum lipoproteins, while animals fed a diet containing increasing quantities of oxidized lipid had increasing concentrations of oxidized lipid in their serum lipoproteins. These results indicate that dietary oxidized lipids play an important role in determining the concentration of oxidized lipid in serum lipoproteins. Moreover, the quantity ofoxidized lipid in chylomicrons isolated from the mesenteric lymph drainage ofthe small intestine also closely correlated with the amount of oxidized lipid administered to the animals (r = 0.989, P < 0.01 ). These results indicate that oxidized lipids in the diet are absorbed by the small intestine and are transported in chylomicrons to the circulation, where they contribute to the total body pool of oxidized lipids. Given that our studies demonstrate that oxidized lipids in the diet affect not only the concentration of oxidized lipid in chylomicrons but also the serum VLDL + LDL lipoprotein fraction, one can speculate that the oxidized lipid in chylomicrons is either delivered to the liver.
where it is repackaged and secreted in endogenous lipoproteins or transferred in the circulation to other lipoprotein particles.
The presence of oxidized lipid in rat lymph has been investigated previously with contradictory results. Several investigators have not found any oxidized lipids in the lymph and have concluded that deperoxidation takes place in the intestinal mucosa (33) (34) (35) . Recently, however, Aw et The increase in absorption of oxidized lipids by the small intestine in diabetic rats could be due to a number offactors. As discussed above, Aw et al. (36) have shown that decreased GSH levels in the intestinal mucosa lead to an increase in absorption of oxidized lipids by the small intestine. Studies in diabetic rats have shown that there is a decrease in GSH transferase in the small intestine ( 14) that could lead to decreased GSH levels and thereby increase oxidized lipid absorption. Furthermore, Loven et al. ( 18) have shown that the activity ofthe superoxide dismutase, the primary enzyme in reducing hydroperoxide, is decreased in the small intestine ofdiabetic rats. It is possible that this decrease could also contribute to the increased absorption of oxidized lipids in diabetic rats.
In addition to alterations in the GSH system and oxidative state of the small intestine in diabetic rats, other factors could also contribute to the increased oxidized lipid absorption. Diabetes results in a variety of changes in intestinal lipid metabolism. Both cholesterol and fatty acid synthesis are increased approximately twofold in the small intestine of diabetic animals (38, 39) . Moreover, the transport of newly synthesized cholesterol from the small intestine to the circulation is increased fourfold in diabetic animals (40) . Furthermore, several investigators have shown that the transport oftriglyceride from the small intestine to the circulation in the postabsorptive state is also increased by diabetes (41) (42) (43) . These studies indicate that the flux of lipid from the small intestine to the circulation is enhanced by diabetes, and it is possible that the increase in oxidized lipid transport is related to these alterations in the lipid flux.
Last, diabetes has been shown to affect the absorption of a variety of nutrients. The increased absorption of amino acids, glucose, bile acids, phosphate and fatty alcohols have been demonstrated in diabetic animals (24, 25) . Of greater relevance is the finding that the absorption of cholesterol is increased in diabetes (25, 44, 45) . A single study also indicates an increase in fatty acid absorption (46) . These increases in intestinal absorption have been attributed to increased maximal transport capacity, increased passive permeability, alterations in the intestinal water layer, and increased mucosal mass. Regardless of the exact etiology, it is possible that such changes in the small intestine of diabetic animals also lead to the increased absorption of oxidized lipids.
In summary, the present study demonstrates that the quantity of oxidized lipid in the diet affects the concentration of oxidized lipid in circulating lipoproteins in both control and diabetic rats. In diabetic animals, both food intake and the absorption of dietary oxidized lipids are increased, which could account for the increase in the concentration of oxidized lipids in serum lipoproteins. Given the widespread use of fried foods in both commercial and domestic settings, the American diet is rich in thermally oxidized lipid, which could lead to an increased quantity of oxidized lipid in serum lipoproteins, especially in diabetics, and thereby contribute to atherosclerosis both in nondiabetic and diabetic individuals.
